The pharmacodynamics of moxifloxacin against Streptococcus pneumoniae and Pseudomonas aeruginosa were investigated in a pharmacokinetic infection model. Three strains of S. pneumoniae, moxifloxacin, and two strains of P. aeruginosa were used. Antibacterial effect and emergence of resistance were measured for both species over a 72-h period using an initial inoculum of about 10 8 CFU/ml. At equivalent area under the curve (AUC)/MIC ratios, S. pneumoniae was cleared from the model while P. aeruginosa was not. For S. pneumoniae, the area under the bacterial kill curve up to 72 h could be related to AUC/MIC ratio using an inhibitory maximum effect (E max ) model (concentration required for 50% E max [EC 50 ], 45 ؎ 22; r 2 , 0.97). For P. aeruginosa even at the highest AUC/MIC ratio (427), bacterial clearance was insufficient for the EC 50 to be calculated. Emergence of resistance occurred with P. aeruginosa but not to any significant extent with S. pneumoniae. Emergence of resistance in P. aeruginosa as measured by population analysis profile (PAP-AUC) was dependent on drug exposure and time of exposure. In weighted least-squares regression analysis AUC/MIC ratio was predictive of PAP-AUC. When emergence of resistance was measured by the time for the colony counts on media containing antibiotic to increase by 2 logs, again AUC/MIC was the best predictor of emergence of resistance. However, for both experiments using S. pneumoniae and P. aeruginosa the correlation between all the pharmacodynamic parameters was high. These data indicate that for a given fluoroquinolone the magnitude of the AUC/MIC ratio for antibacterial effect is dependent on the bacterial species. Emergence of resistance is dependent on (i) species, (ii) duration of drug exposure, and (iii) drug exposure. A single AUC/MIC ratio magnitude is not adequate to predict antibacterial effect or emergence of resistance for all bacterial species.
In vitro pharmacokinetic models of infection are widely used to study antibacterial pharmacodynamics, especially within the fluoroquinolone drug class. It is known that area under the curve (AUC)/MIC is the main pharmacokinetic/pharmacodynamic index related to the antibacterial effects of fluoroquinolones in in vitro models. In 1996, Madaras-Kelly et al. (15) studied the pharmacodynamics of ofloxacin and ciprofloxacin against three strains of Pseudomonas aeruginosa. The area under the bacterial killing curve (AUBKC) was used as the measure of antibacterial effects. Multivariate regression analysis indicated that the AUC/MIC was related to the antibacterial effect and that this relationship was well described by a sigmoid maximum-effect (E max ) model, the AUC/MIC at which 50% of the isolates were inhibited (MIC 50 ) being about 120 and the maximum antibacterial effect occurring at an AUC/MIC of 400 to 600. With similar techniques, the effects of levofloxacin, ofloxacin, and ciprofloxacin on Streptococcus pneumoniae were tested. Again, with an E max model to relate the AUC/MIC and the antibacterial effect, the AUC/MIC 50 was found to be 60 (K. J. Madaras-Kelly, T. Demasters, D. Soaves, and M.
McLaughlin, Abstr. 37th Intersci. Conf. Antimicrob. Agents Chemother., abstr. A-27, p. 6, 1997 ). Subsequently, it was reported that AUC/MIC ratios of 44 to 49 resulted in the clearance of S. pneumoniae by levofloxacin, ciprofloxacin, or trovafloxacin in an in vitro model (9, 10) . Levofloxacin AUC/MIC ratios of 30 to 55 were also shown to be effective against S. pneumoniae (8) in an in vitro system. In contrast, AUC/MIC ratios of 50 to 62 for ciprofloxacin, levofloxacin, or sparfloxacin did not result in clearance within 24 h in an infected fibrin clot model (6) .
Other experiments with in vitro models have indicated that the AUC/MIC ratio for the clearance of S. pneumoniae in the first 24 h may be much higher than 50 (12) . The reasons for these discrepant results are not clear but may be related to methodological variations in the models used, different strains used, or different choices of antibacterial effect measures. However, it has been suggested on the basis of these data that the magnitude of the AUC/MIC ratio required for an antibacterial effect is lower for S. pneumoniae than for P. aeruginosa, although this notion has not been established by direct comparison in the same in vitro pharmacokinetic model.
In addition, although the pharmacodynamics of the emergence of resistance in P. aeruginosa have been studied with a number of fluoroquinolones in in vitro models (1, 15) , this type of study has not been done with S. pneumoniae. CFU/ml. Moxifloxacin was then added to the dosing chamber, and samples were taken from the central chamber throughout the 72-h period at 0, 1, 2, 3, 4, 5, 6, 7, 12, 24, 25, 26, 28, 29, 30, 31, 36, 48, 55, 60 , and 72 h for the determination of viable counts. Bacteria were quantified by using a Spiral Plater (Don Whitley Spiral Systems, Shipley, West Yorkshire, England); the minimum detection level was 10 2 CFU/ml. Additional aliquots were also stored at Ϫ70°C for the measurement of moxifloxacin by using a bioassay described previously (3) Emergence of resistance. Drug resistance was assessed before moxifloxacin exposure (time zero) and 12, 24, 36, 48, 60, and 72 h after exposure. Samples were plated on agar containing no moxifloxacin and containing antibiotic at 1, 2, 4, 8, and 16 times the MIC in order to quantify the fluoroquinolone-resistant subpopulation.
All pharmacokinetic simulations to determine antibacterial effect and emergence of resistance were performed at least in triplicate.
Pharmacodynamics, measurement of antibacterial effect, measurement of emergence of resistance, and statistical analysis. The antibacterial effect was assessed by calculating the log change in viable counts between time zero and 24 h (⌬24), 48 h (⌬48), and 72 h (⌬72). The maximum reduction in counts (⌬ max ) was also recorded, as was the time taken for the inoculum to fall to 99.9% its value at time zero (T99.9). In addition, the AUBKC (measured as log CFU per milliliter ⅐ h) was calculated by using the log linear trapezoidal rule for the period from 0 to 72 h (AUBKC 0-72 ). For drug resistance studies, the measures of resistance were changes in the bacterial counts on plates containing antibiotic and the AUC for the population analysis profile (PAP). The latter value was calculated by using the log linear trapezoidal rule at time zero and at 24, 48, and 72 h (Fig. 1) .
FIG. 1. Theoretical plots of measures of drug resistance.
Hatched areas indicate the AUC for the PAP before and after exposure; gray bars indicate the log CFU per milliliter at two or eight times the MIC before and after exposure.
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The variability in the measurement of emergence of resistance was assessed by calculating the coefficient of variation (CV) for each measure and then using the following equation: percent CV ϭ (1 standard deviation/mean) ϫ 100. For pharmacodynamic analysis, the AUC/MIC, C max /MIC, and time above the MIC (TϾMIC) were calculated for the 72-h observation period. The AUBKC 0-72 was compared to the AUC/MIC, C max /MIC, and TϾMIC by using an inhibitory E max model with Win Nonlin Software (Scientific Consulting). The correlation between the pharmacodynamic variables was assessed by using Spearman's rank correlation coefficient. For emergence of resistance, the AUC for the PAP was compared to the AUC/MIC, C max /MIC, and TϾMIC by using an inhibitory E max model as described above. Subsequently, weighted least-squares regression analysis was used to examine the combined effects of the AUC/MIC, C max /MIC, and TϾMIC on the AUC for the PAP for both S. pneumoniae and P. aeruginosa.
Cox proportional-hazard regression analysis was used to assess whether the AUC/MIC, C max /MIC, or TϾMIC was predictive of the time taken for the bacterial population counts on antibiotic-containing plates to increase by 2 log units. Tables 1 and 2 . For S. pneumoniae strain 11622, the MIC of 0.25 mg/liter in the simulation with 400 mg every 24 h had a poorer antibacterial effect than either the simulation with 400 mg every 12 h or the simulation with 800 mg every 24 h, as indicated by a smaller ⌬24, a longer T99.9, and a larger AUBKC 0-72 . However, ⌬ max values were similar. The antibacterial effects of 400 mg every 12 h and 800 mg every 24 h were similar for this strain and strain 12716 (MIC, 1.0 mg/liter). There was a minimal antibacterial effect against strain 12648 (MIC, 3.6 mg/liter) with any of the simulations; ⌬24, ⌬48, ⌬72, and ⌬ max values indicated a small reduction or no reduction in bacterial counts, therefore producing a large AUBKC 0-72 and a T99.9 of Ͼ72 h.
RESULTS

MICs
For P. aeruginosa strain 21356 (MIC, 0.25 mg/liter), the simulation with 200 mg every 24 h had a minimal effect. The antibacterial effect was greater with the simulation with 400 mg every 24 h and greatest with the simulations with 400 mg every 12 h and 800 mg every 24 h, which had the largest ⌬72 and ⌬ max values and the smallest AUBKC 0-72 . As with S. pneumoniae, the antibacterial effects with 400 mg every 12 h and 800 mg every 24 h tended to be similar for P. aeruginosa strain 21356 (MIC, 0.25 mg/liter) and strain 20574 (MIC, 1.0 mg/liter).
A comparison of S. pneumoniae and P. aeruginosa strains for which MICs were similar, for example, strains 11622 and 21356 (MICs for both, 0.25 mg/liter) or strains 12716 and 20574 (MICs for both, 1.0 mg/liter), indicated that the antibacterial effect of moxifloxacin against P. aeruginosa was less marked than that against S. pneumoniae. For the strains for which the MIC was 0.25 mg/liter, ⌬ max values were smaller for P. aeruginosa than for S. pneumoniae, the AUBKC 0-72 was larger, and the T99.9 was longer. The data were similar for strains for which the MIC was 1.0 mg/liter. For S. pneumoniae, the AUBKC 0-72 could be related to the AUC/MIC and the C max /MIC by using an inhibitory E max model, were E max represents the maximum effect, E 0 represents the minimum effect, and EC 50 represents the concentration required to obtain 50% the maximum effect. For both pharmacodynamic parameters, the relationship to AUBKC 0-72 could be adequately described by the model, as judged by Akaike information criteria and plots of the fitted values. Parameters fitted by this model for the relationship of AUC/MIC (at 24 h) to AUBKC 0-72 for S. pneumoniae were as follows: E max , 456 Ϯ 23 log CFU/l ⅐ h (mean and standard deviation); E 0 , 163 Ϯ 13 log CFU/l ⅐ h; EC 50 , 45 Ϯ 22; and r 2 , 0.9662. Parameters fitted by this model for the relationship of C max / MIC to AUBKC 0-72 were as follows: E max , 451 Ϯ 19 log CFU/l ⅐ h; E 0 , 164 Ϯ 10 log CFU/l ⅐ h; EC 50 , 2.3 Ϯ 2.6; and r 2 , 0.9674. The data generated for P. aeruginosa indicated that even at the highest TϾMIC, AUC/MIC, or C max /MIC values, bacterial clearance from the model was inadequate; therefore, the relationship between the pharmacodynamic parameters and AUBKC 0-72 was not investigated further.
Emergence of resistance. The emergence of resistance was studied by using three strains of S. pneumoniae (MICs, 0.25, 1.0, and 3.6 mg/liter) and two strains of P. aeruginosa (MICs, 0.25 and 1.0 mg/liter). Before exposure to moxifloxacin, few S. pneumoniae organisms grew on plates with the drug at the MIC (Table 3 ), indicating that the initial population was not very heterogeneous in its quinolone susceptibility. For S. pneumoniae strain 11622, no resistance emerged with the lowest dose simulation (400 mg every 24 h); with the higher dose simulations (400 mg every 12 h and 800 mg every 24 h), the organisms were cleared from the model. Similarly, S. pneumoniae strain 12716 (MIC, 1.0 mg/liter) was cleared from the model, and no resistance emerged. Strain 12648 (MIC, 3.6 mg/liter) was different in that the organisms were not cleared and the counts of bacteria growing on plates with the drug at the MIC increased from Ͻ2 log units to 3 to 5 log units with some simulations, although this pattern of resistance was also seen with strain 11622 (MIC, 0.25 mg/liter). No bacteria grew on plates with 8 or 16 times the MIC.
In contrast to the S. pneumoniae strains, both strains of P. aeruginosa, 21356 and 20574, were heterogeneous; a substantial minority of cells within the population were able to grow on plates with two, four, and eight times the MIC, even before exposure to moxifloxacin. For strain 21356 (MIC, 0.25 mg/ liter), the simulations with 200 mg every 24 h and 400 mg every 24 h resulted in an increase in the proportion of the population able to grow on plates with 4, 8, and 16 times the MIC, and this trend increased with the time of exposure (Table 4) . No significant bacterial clearance occurred in the model. Strain 20574 (MIC, 1.0 mg/liter) showed a similar pattern with 400 mg every 12 h and 800 mg every 24 h (Table 4 ). In contrast, the more susceptible strain (MIC, 0.25 mg/liter) showed no convincing increase in the proportion of the population able to grow on the antibiotic-containing plates until perhaps 72 h of exposure to 400 mg every 12 h and 800 mg every 24 h.
Calculation of the AUC for the PAP helped to further quantify changes in the population profiles of the S. pneumoniae and P. aeruginosa strains. The average PAP AUC for the three strains of S. pneumoniae before drug exposure was 4.2 Ϯ 2.1 (mean and standard deviation), and that for P. aeruginosa was 34.4 Ϯ 16.9, reflecting the more heterogeneous nature of the Pseudomonas population (Table 5) . None of the strains of S. pneumoniae showed a convincing trend in PAP AUCs. In contrast, for P. aeruginosa strain 21356 (MIC, 0.25 mg/liter) with the simulation with 400 mg every 24 h and strain 20574 (MIC, 1.0 mg/liter) with the simulations with 400 mg every 12 h and 800 mg every 24 h, the PAP AUCs increased as the period of exposure increased. This was not true for strain 21356 (MIC, 0.25 mg/liter) with the higher-dose simulations (400 mg every 12 h and 800 mg every 24 h). The emergence of resistance as 
12648 (3.6) 0 7.9 Ϯ 0. Table 5 ). The variability of each measure of antibacterial effect was tested by calculating the percent CV, reported as the median (range), for changes in the log CFU per liter at 24, 48, and 72 h and the PAP AUC. These were 10 (0.2 to 31.1), 8.6 (0.6 to 50.8), 4 (0.1 to 81.1), and 13 (0.5 to 44.7), respectively, indicating that no measure was notably superior to the others. The mean percent CVs were all in the range of 12 to 15. In a subsequent analysis, the PAP AUC was taken as the primary end point for the emergence of resistance, as it seemed to be the measure which best encompassed all of the data.
Multiple regression analysis was used to assess the predictive influence of AUC/MIC and C max /MIC on PAP AUCs for P. aeruginosa and S. pneumoniae. For S. pneumoniae, all models explored included TϾMIC but were inadequate, indicating that a regression model of this type was inappropriate for these data. For P. aeruginosa, there was evidence to suggest that AUC/MIC was associated with PAP AUC but that C max /MIC was not predictive of outcome. The model fitted the data as shown in Table 6 . The model fit was assessed graphically and was satisfactory, with errors following an approximately normal distribution.
In addition to PAP AUC, the emergence of resistance was measured by the time taken for the bacterial counts on the antibiotic-containing media to increase by 2 log units. Univariate analysis suggested that both AUC/MIC and C max /MIC were predictive of outcome (P Ͻ 0.0001); however, the parameters were highly confounded. AUC/MIC, C max /MIC, and antibiotic concentrations in the recovery media were fitted together in a multivariate model, and then each was omitted in turn to assess whether excluding that factor changed the model fit significantly. Two of the three factors, drug concentration and C max /MIC, were omitted from the model without a loss of fit. The final model therefore comprised one factor-AUC/ MIC. The proportional-hazards assumption underpinning the model fit was assessed by using the "stphtest" procedure in Stata. The relative "risk" of achieving the 2-log-unit increase in counts, as estimated from the model, is given in Table 7 . A 2-log-unit increase was less likely to be achieved for experiments with the highest AUC/MIC. Surface plots were constructed to illustrate the relationship among AUC/MIC, time, and emergence of resistance (Fig. 2) . These showed that the emergence of resistance, as measured by the PAP AUC, is more likely at low AUC/MIC ratios than at high ones and that the duration of drug exposure also determines the PAP AUC.
DISCUSSION
The strains of both S. pneumoniae and P. aeruginosa used in this study were not selected to be typical of their respective species in terms of moxifloxacin susceptibility. The S. pneumoniae strains for which MICs are 0.25 mg/liter and higher represent strains for which MICs are above the MIC 90 of moxifloxacin, while the P. aeruginosa strains for which MICs are Յ1.0 mg/liter are relatively susceptible (13) . The strains were selected to allow a direct comparison of the antibacterial effects of moxifloxacin on these species by using identical methodology, as this has not been done before with in vitro In addition, the inoculum may have an effect on antibacterial effect measures in in vitro models (5) , and the impact of growth rate on AUC/MIC values has not been quantified. As our in vitro pharmacokinetic model does not include white blood cells, has an antibacterial effect measure which depends on pathogen clearance, has a large inoculum, and has a population of bacteria not undergoing rapid growth, it is likely that the AUC/MIC ratios required for the maximum effect will be greater than those reported elsewhere. Importantly, however, this model allows 10 10 CFU bacteria to be exposed to antibiotic; this bacterial load is larger than that possible in animal models.
Despite the large inoculum and exposure to moxifloxacin for 72 h, it was difficult to show the emergence of resistance to moxifloxacin in S. pneumoniae, even in simulations where little bacterial clearance occurred in the model. Similar data have been reported by Zhanel et al. (18) , who failed to detect resistance to moxifloxacin as well as gatifloxacin, levofloxacin, and trovafloxacin in an in vitro model with S. pneumoniae. However, as these authors used S. pneumoniae strains with a susceptibility to moxifloxacin higher that that of some of the strains used here, combined with a smaller inoculum, S. pneumoniae organisms were often cleared from the model, perhaps not allowing resistance to emerge. Furthermore, detection of the emergence of resistance by comparison of pre-and postexposure MICs may not be as sensitive for detecting changes in resistance as PAPs. Animal data obtained in a rabbit tissue cage model with S. pneumoniae and moxifloxacin exposure for 7 days failed to show any emergence of resistance (17) . The exception to these observations in both in vitro and animal models appears to be ciprofloxacin; data indicating resistance detected by changes in MICs or PAPs are easily generated by ciprofloxacin exposure (4, 16, 18) . The emergence of resistance to moxifloxacin was much more marked with P. aeruginosa than with S. pneumoniae. Previous data obtained with a dose fractionation design involving 1,200 mg of ciprofloxacin every 24 h, 600 mg every 12 h, or 400 mg every 8 h and recovery of resistant bacteria on agar containing zero, 0.5, 1, or 4 mg of ciprofloxacin/liter indicated that the single large dose was most effective at preventing resistance, thus highlighting the role of C max /MIC (15a). These data were not altogether confirmed by Madaras-Kelly et al. (15) , who related the emergence of resistance as measured by changes in the MICs for Pseudomonas before and after exposure to either AUC/MIC or C max /MIC by using a sigmoid E max model. Our data indicate that AUC/MIC is related to the emergence of resistance, as shown by the similarity of the PAPs for the simulations with 400 mg every 12 h and 800 mg every 24 h and the results of multiple regression and time-to-event analyses. However, due to the limited nature of the dose fractionation performed, C max /MIC and AUC/MIC are very closely related; thus, some caution needs to be exercised with these data. These data clearly show the effect of drug exposure, bacterial species, initial pathogen susceptibility, and time of exposure on the emergence of resistance. Three patterns can be described. First, the pathogen is cleared from the model, and no increase in resistance is detected. This pattern is seen in the simulations with the strains of S. pneumoniae that were more susceptible to moxifloxacin. The second pattern is little pathogen eradication in the model but no emergence of resistance. This pattern is observed with the least susceptible strain of S. pneumoniae and with P. aeruginosa strains with the highest AUC/MIC ratios. The third pattern is no clearance from the model and emergence of resistance, as detected by changing PAPs, which tend to show increased resistance as the duration of exposure increases. This pattern is seen with the two P. aeruginosa strains with the lowest AUC/MIC ratios.
In conclusion, these data show that the magnitude of the fluoroquinolone AUC/MIC needed to predict equivalent antibacterial effects is smaller for S. pneumoniae than for P. aeruginosa and that the emergence of resistance to fluroquinolones in in vitro models depends on species (P. aeruginosa producing more resistance than S. pneumoniae), duration of exposure, and drug exposure, as indicated by C max or AUC, and on initial pathogen susceptibility, as denoted by MIC.
